Abstract Downy mildew (DM) of pearl millet, caused by fungus Sclerospora graminicola, is the most destructive disease of pearl millet which can cause grain yield losses up to 60%. Also referred to as 'green ear', this disease is widely distributed in temperate and tropical areas of the world and is especially important in India and Africa. In an earlier study, quantitative trait loci (QTL) for resistance to Sclerospora graminicola have been reported on linkage groups (LG) 1 and 4 using a F 2 population derived from the cross of H 77/833-2 and ICMP 451. However, these QTLs were bracketed with labour-intensive restriction fragment length polymorphism (RFLP) markers, thus hampering their use in marker-assisted selection (MAS). The current study reported confirmation of these QTLs using the same cross and phenotypic data generated using seven different pathogen isolates obtained from Africa and India and saturation of the identified genomic regions with easy to screen simple sequence repeat (SSR) markers. The inclusion of SSR markers resulted in a map covering 101.1 cM and 91.4 cM on LG 1 and LG 4 respectively. QTL likelihood maps developed for each of seven Sclerospora graminicola isolates revealed that for most of the isolates, QTLs for DM resistance (DMR) were located either on LG 1 or LG 4, while Niger isolate had QTLs on both the linkage groups and no QTL was located for Mysore isolate. The SSRs can be efficiently utilized in MAS programmes targeting improvement of elite cultivars of pearl millet against this disease.
Introduction
Pearl millet (Pennisetum glaucum L.), a highly allogamous cereal, growing in extreme environments of world's poor countries is the sixth most important food-grain crop following rice, wheat, maize, barley and sorghum. It is a monocot, cross-pollinated species belonging to the family Poaceae with small diploid genome (2n = 14) and a haploid genome size of 2450 Mbp (Martel et al. 1997) . It has the highest levels of forbearance to drought among tropical cereals (Serraj et al. 2005 ). The crop is gluten free and contains a high amount of antioxidants and fiber along with a low glycemic index which makes it an excellent source of energy and a nutritious food for the overall health of the people (Nambiar et al. 2011) . Furthermore, its vegetative matter provides excellent forage because of its high protein and low hydrocyanic acid content. Pearl millet grain is also gaining importance as a cheap source of starch for making of fine quality breweries and also in ethanol production as biofuel (Wu et al. 2006) . DM caused by an obligate oomycete parasite Sclerospora graminicola is economically the most devastating pearl millet disease, curtailing yields by 80% in India and several countries in Africa (Thakur et al. 2008) . Initial symptoms of the disease are leaf chlorosis and stunting, later 'green ear' develops due to the transformation of floral parts into leafy structures. Although DM has been recognized as a potentially insidious disease of pearl millet since the early part of the twentieth century, it attracted relatively little deliberation until the late 1960s (Singh et al. 1993) . Since then, progress has been made in understanding the biology of the pathogen, epidemiology of the disease, and its control (Sharathchandra et al. 2004; Jogaiah et al. 2007; Jogaiah et al. 2016; Boregowda et al. 2017; Siddaiah et al. 2017) . Later breeding for resistance to this disease was accorded the highest priority among the biotic stress factors as the disease reached to epidemic levels in India during the mid1970s to 1980s when only a few single-cross hybrids were cultivated on a large scale (Hash 1997 . As new virulent pathotypes continue to evolve under changing climatic and environmental conditions, for example new pathotypes Sg 445, Sg 526 and Sg 519 were found to be evolved as most virulent for A1 zone of India (Sharma et al. 2014) ; therefore there is an urgent need to develop varieties with durable resistance to the disease. Molecular markers have been used for improving disease resistance in crop breeding programs as they stimulate selection gain. They act as experimental probes or tags that are phenotypically neutral and are developmentally and environmentally stable. In fact, availability of markers with a linkage as close as possible to genes of high impact is most critical point for successful MAS. Among several types of molecular markers, SSRs represent short tandem repeat sequences which are abundant in a genome, locus-specific, codominant, highly polymorphic and amenable for high throughput analysis. These markers have been used extensively in the construction and saturation of linkage maps in many crops like rice, wheat, barley, maize etc. (Temnykh et al. 2000; Sharopova et al. 2002; Torada et al. 2006; Varshney et al. 2007 ). In addition to SSRs, several other DNA marker techniques like RFLP, Random Amplified Polymorphic DNA (RAPD), Amplified Fragment Length Polymorphism (AFLP), Sequence Characterized Amplified Regions (SCAR), Single Nucleotide Polymorphism (SNP) markers and their many variants have been developed and used for diversity analysis, linkage mapping and marker-assisted selection (MAS) in pearl millet (Bhattacharjee et al. 2002 , Bertin et al. 2005 , Chandra-Shekara et al. 2007 , Kapila et al. 2008 , Allinne et al. 2008 , Sudisha et al. 2009 , Kholová et al. 2010 , Bashir et al. 2015 . Allouis et al. (2001) had constructed a bacterial artificial chromosome (BAC) library using nuclear DNA from pearl millet, and used it as a resource for the isolation of microsatellite sequences. Qi et al. (2004) generated 44 SSR markers from a (CA)n-enriched small-insert genomic library. Thudi et al. (2010) comparatively assessed PCR-based marker systems in pearl millet. In astudy conducted by Supriya et al. (2011) , genomic representation from 95 diverse genotypes of pearl millet was used to develop a Diversity Arrays Technology (DArT) array with circa 7000 clones following PstI/BanII complexity reduction. This array was used to genotype a set of 24 diverse pearl millet inbreds and 574 polymorphic DArT markers were identified. Nienty nine new EST-SSR markers were developed by Rajaram et al. (2013) .
Efforts towards molecular breeding in pearl millet started in the 1990s with the development of a molecular marker-based genetic linkage map by Liu and Knapp (1992) and Liu et al. (1994) . New markers were added to this existing linkage map as new pearl millet mapping populations were studied (Gulia 2004) . Genetic map based on 258 DArT and 63 SSR markers was published by Supriya et al. (2011) . A consensus linkage map based on four RIL mapping populations involving 174 SSR markers has been developed by Rajaram et al. (2013) . Moumouni et al. (2015) has recently constructed pearl millet genetic map using genotyping-by-sequencing (GBS) approach. Jones (1994) and Jones et al. (1995) initially described QTLs for pearl millet DMR. QTLs associated with DM have been identified and mapped on LG 1, 2 and 4 (Jones et al. 1995 (Jones et al. , 2002 Breese et al. 2003; Gulia 2004; Bhattacharjee et al. 2002; Gulia et al. 2007 ). However, these QTLs have been bracketed with RFLP markers which are labour intensive, use radioactive probes posing health and disposal risks and also require large amount DNA. Clearly, there is a requirement to map more easy to screen Polymerase Chain reaction (PCR)-based molecular markers linked with DMR QTLs. Therefore, in the present study we aimed to identify and map SSR markers in the DMR QTL regions. Combining (SSRs) markers with previously available RFLP markers in DMR QTL region will help in saturating previously known QTL region(s) and will provide alternative easy to screen markers for DMR selection. The study will help in validation of previously known DMR QTLs, as same cross and phenotypic data generated using seven different pathogen isolates obtained from Africa and India are used in this study. Identification and mapping of SSR markers linked to these QTLs would assist in introgression of resistance genes in breeding programmes that are aimed at developing commercial varieties of pearl millet.
Materials and method

Plant materials
Seventy individuals of F 2 mapping population derived from a cross between ICMP 451 and H 77/ 833-2 (previously used by Breese et al. 2003) were used in the study. ICMP 451 genotype, originally derived from LCSN 72-1-2-1-1 and is a selection made in Upper Volta from the International Crop Research Institute for Semi-Arid Tropics (ICRISAT) center late composite, is resistant to DM. Whereas H 77/833-2 is the male parent of extra early, highlytillering, seedling-thermotolerant grain hybrids and is susceptible to DM disease. Seven different DM pathogen isolates were used previously to screen F 2 mapping population (Breese et al. 2003) . These included 5 African isolates viz. Niger, Nigeria, Mali, Sudan and Eritrea and 2 Indian isolates viz. Patancheru (Sg 153) and Mysore (Sg 048).
SSR marker analysis
Published information from various consensus maps of pearl millet (Qi et al. 2004; Supriya et al. 2011; Sehgal et al. 2012; Rajaram et al. 2013 ) was utilized to find SSRs falling in the DMR QTL regions bracketed with RFLP markers. A total of 40 genomic and Expressed Sequence Tag (EST)-SSR markers were selected for the present work (Table 1) . These included SSR marker belonging to Xpsmp, Xipes and Xicmp series described by Qi et al. (2001 Qi et al. ( , 2004 , Allouis et al. (2001) , Rajaram et al. (2013) and Senthilvel et al. (2008) . The sequence information of forward and reverse primers for SSR loci used is given in Table 1 . All SSR markers were M13 tailed or fluorescently labelled for genotyping as described in Sehgal et al. (2012) . PCR was performed in 10 μl reaction volumes containing 25 ng of genomic DNA, 1.0 μl of each primer (10 μM solution), 250 μM dNTP, 0.5 U Taq DNA polymerase and 1 μl of 10 X PCR buffer. Based on SSR primer pairs, two different touchdown amplification cycles i.e. touchdown A and touchdown B were adopted for the reactions. Touchdown A consisted of 3 min denaturation at 95°C, followed by 10 cycles of 95°C/30 s, 63°C/30 s (decreasing by 0.5°C per cycle) and 72°C/1 min, then 35 cycles of 95°C/30 s, 58°C/ 30 s and 72°C/30 s, and ending with 72°C/1 min. Touchdown B consisted of 5 min denaturation at 94°C, followed by 10 cycles of 94°C/15 s, 61°C/ 30 s (decreasing by 1°C per cycle) and 72°C/ 30 s, then 40 cycles of 94°C/15 s, 54°C/30 s and 72°C/ 30 s, and ending with 20 min incubation at 72°C. Electrophoresis was performed on 6% polyacrylamide gels and was run at constant power of 100 W until the desired resolution was reached. The PCR products were visualized by silver staining according to protocol of Sehgal et al. (2009) . The genotypic data was analysed using GeneMapper software version 3.7 (Applied Biosystems, USA).
Genetic mapping and QTL identification
The new SSR markers were included in the original F 2 dataset of RFLP markers and marker genotyping data was analysed using the χ2 test to assess the goodness-of-fit to the expected 1:1 segregation ratio for each marker. Subsequently, genotyping data for all the markers, including those with distorted segregation, were used for linkage analysis using the JoinMap 4 software (Van Ooijen 2006) with a Logarithm of Odds (LOD) score of 3.0. Locus genotype frequency was used for testing segregation distortion. QTL analysis for DMR was performed using new maps for LG 1 and LG 4 saturated with SSR markers and DM incidence data from seven isolates using MapQTL 5 software (Van Ooijen 2004) . Both Kruskal-Wallis and interval mapping (IM) implemented in MapQTL were employed. The marker was called to be significantly associated with DMR if the test statistic K value in Kruskal-Wallis test was greater than 10. By IM, QTLs with LOD score above 3.0 were declared significant. 
Results
Linkage map
Pearl millet mapping population parental lines ICMP 451 and H 77/833-2 were screened using 40 SSR markers of which 17 were found to be polymorphic (Table 1) . The genotypic data generated on mapping population with these 17 SSRs and 34 RFLP markers (genotypic data with RFLP markers was provided by Dr. Catherine Howarth) were used to construct the linkage map. The inclusion of the SSR markers resulted in a map containing a total of 30 markers on LG 1 and LG 4. The new map covered 101.1 cM and 91.4 cM with average marker distance of 5.62 cM and 7.62 cM, respectively, on LG 1 and LG 4 (Fig. 1) LG 4 has been confirmed in the present study. Further, no QTL was found to be effective against all the seven pathogen populations.
Discussion
Successful introgression of resistance genes into existing cultivars via conventional breeding is a tedious and lengthy process. It can take around 10-20 years to develop a new variety of desired characters. Molecular genetic studies can greatly lend a helping hand to plant breeders by providing information on the inheritance of resistance genes along with identification of QTL regions imparting resistance to the concerned disease.
Markers linked to the QTLs can be put on payroll to transfer these QTLs from the donor parent to a recipient parent (recurrent parent) by an approach popularly known as MAS. The first and only commercial pearl millet hybrid (HHB 67-improved) incorporating resistance to DM through MAS was released collaboratively by ICRISAT and Chaudhary Charan Singh Haryana Agricultural University (CCSHAU), India in January 2005. In this case, RFLP markers were used for marker-assisted backcrossing with donor parent ICMP 451 to transfer resistance to H 77/833-2. Improved H 77/833-2 lines were crossed with 843A/B to produce historically known 'Improved 67 hybrids.' Although RFLP markers were used in the transfer of DMR QTLs to elite seed parents, these markers proved too labour-intensive for large-scale genotyping. Therefore, inclusion of easy to screen SSR makers in already existing DMR QTL region is consequential for future improvement programmes. Keeping in view, in the present study DMR QTLs were mapped using genotypic data generated using both RFLP and SSR markers along with previously available phenotypic DM incidence of seven Sclerospora graminicola isolates. QTLs associated with pearl millet DMR had previously been identified and mapped on LG 1, 2 and 4 (Jones et al. 1995 (Jones et al. , 2002 Breese et al. 2003 ) using RFLP markers. Inclusion of SSR markers in these regions will ease the selection process of breeding programmes for improvement of DMR. Gulia (2004) utilized both RFLP and SSR markers for QTL mapping of DMR in pearl millet and found nine major putative DMR QTLs whereas Saritha (2014) used EST-SSR, gSSR and STS marker for construction of skeleton linkage map to discover QTL regions for DMR in this crop and found four major isolate specific resistant QTLs. Jogaiah et al. (2014) has developed Inter Simple Sequence Repeat (ISSR) based Sequence Characterised Amplified Region (SCAR) marker to identify DM resistant source in pearl millet. Using segregant analysis of F 2 population they revealed that this SCAR ISSR 863 marker was linked to DMR linkage group with a genetic distance of 0.72 cM. Candidate genes associated with pearl millet DM interaction has also been dissected through de novo transcriptome sequencing (Kulkarni et al. 2016) . In their study they evoked potentials of hypersensitive response and systemic acquired resistance as possible mechanism operating in defence mechanism in pearl millet against DM infection. SSRs are bountiful in eukaryotic genomes and provide a co-dominant, usually highly polymorphic marker system (Akkaya et al. 1992; Morgante and Olivieri 1993; Wu and Tanksley 1993; Bryan et al. 1997) . Therefore, SSRs can be effectively used in MAS programs and have been successfully used in many plant species. For example, Shanti et al. (2010) introgressed bacterial blight resistance gene xa5 into the hybrid rice parental lines using SSR marker, RM 122 tightly linked to xa5 along with three other genes Xa4, xa13 and Xa21. The pyramids showed very high level of disease resistance to 10 highly virulent isolates of Xanthomonas oryzae pv. Oryzae. Using several SSR and Bacterial Artificial Chromosome (BAC) derived markers, Katula-Debreceni et al. (2010) carried out MAS for two powdery mildew resistance genes in hybrid grape population and demonstrated that powdery mildew resistant phenotype co-segregated with the presence of at least one resistant locus-linked marker in the genome. Similarly, Zhao et al. (2012) successfully used SSR markers for introgression of qHSR1 to improve maize resistance to head smut. A large number of SSR loci have been genetically mapped in several agronomically important species (McCouch et al. 2002; Song et al. 2004; Wu and Huang 2007) including pearl millet (Qi et al. 2004; Supriya et al. 2011; Rajaram et al. 2013) to enrich existing linkage maps. Similar to our study, in most of the cases, these SSR markers have been used to supplement linkage maps originally developed using RFLP markers.
In this study, QTL likelihood maps were developed for each of seven isolates that showed a generalized presence of DM associated resistance QTLs on LG 1 and 4 (Fig. 2) . These likelihood maps revealed that for African isolates from Nigeria, Mali and Eritrea, QTLs for DMR viz. NaLG4.1, NaLG4.2; MLG4.1, MLG4.2, MLG4.3 and ELG4.1, ELG4.2 were located on LG 4, while for Sudan isolate SLG1.1 mapped on LG 1. Niger isolate had QTLs on both the linkage groups (LG 1 and LG 4) viz. NLG4.1, NLG4.2 and NLG1.1. For Indian Mysore isolate, QTL likelihood map did not reveal any QTL; while for Patancheru isolate, PLG1.1 QTL was found to be located on LG 1. The undetected QTL for the Mysore isolate could be a result of the corresponding virulence being at the low frequency within the pathogen population. In a study conducted by Saritha (2014) , four major DMR QTLs were identified from three screens of F 7 RIL mapping population against three isolates of Sclerospora graminicola from Gujrat (Sg445), Rajasthan (Sg526) and Haryana (Sg519). Similar to our study, two QTLs were located on LG 1 and one QTL was found on LG 4. Additionally they reported one QTL on LG 3. In present study, no QTL was found to be effective against all the isolates thus indicating pathotype specific resistance in pearl millet. Pathotype specific resistance was also observed in chickpea for ascochyta blight disease by Udupa and Baum (2003) . Similarly, Moghaddam et al. (2014) also reported that roses exhibited pathotype specific resistance responses to powdery mildew. First QTL mapping study for DMR in pearl millet (Jones et al. 1995 ) also reported that no QTL was effective against all the four pathogen populations. The present and previous results, therefore, suggest that pathotype-specific resistance is a major mechanism of DMR in pearl millet. In contrast Gulia (2004) found that DMR QTL mapped on LG 4 was common for pathogen populations from Patancheru, Jalna, Jamnagar, Jodhpur, Jaipur, New Delhi and Nigeria. In case of diverse QTLs identified, such as in the present study, the best strategy is to pyramid QTLs so that multiple environments can be targeted. To increase the durability of resistance, several gene pyramiding and deployment strategies has been proposed by Hash et al. (1997) . For DMR, QTL confirmed here on LGs 1 and 4, lines pyramided with both QTLs have been developed and are in use (Hash 2002; Hash et al. 2006 ).
In present study, a set of 15 SSRs (nine on LG 1 and six on LG 4) were mapped. These SSR markers can be utilized as easy to screen markers for MAS for DMR. Except for SSR Xipes 0079, the remaining five SSR markers grouped on LG 4, mapped in the expected DMR region, while those SSRs which mapped on LG 1, were outside the previously reported DMR QTL region (Fig. 1) . Previously reported QTL on LG 1 was located in the distal part while the newly mapped SSRs were mapped around 20 cM away from the expected region. The position of the QTL located on LG 4 associated with DMR is validated in the new map, thus confirming previously published results.
Based on the present study, the new markers mapped on LG 1 and LG 4 have enriched the SSR marker pool linked to DMR which can be utilized in DMR gene pyramiding and marker-assisted breeding for improving resistance against DM disease in pearl millet. Here we aimed to incorporate SSR markers in DMR QTL regions as SSRs remained the markers of choice for most molecular breeding improvement programs over the past 20 years. They provide single-locus markers, which are highly informative, multi-allelic, often codominantly inherited, characterized by hypervariability, abundance, reproducibility and are transferable among related species. Also, SSR marker based QTLs are more suitable for MAS than RFLP and other markers based QTLs as SSRs are easier to score particularly in mapping populations due to the absence of similar sized interfering fragment often observed with RFLP markers. This study will boost in genetic improvement for DMR in pearl millet which can be directly implemented to increase grain yield. QTL mapping of DMR loci can directly assist in understanding nature of disease resistance which may lead to cloning of underlying genes and application in genetic improvement. Further, as grasses have great deal of genomic colinearity i.e. gene content and orders are highly conserved in pearl millet, rice, foxtail millet, sorghum etc. So, the QTL information generated in this study could be exploited in other crops as well.
